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3 National Centre for Atmospheric Science, Department of Meteorology, Uni-
versity of Reading, Earley Gate, RG6 6BB, United Kingdom




In the fundamental stage of resource assessment, high-quality wind
speed measurements are required to estimate power production. How-
ever, this high-quality data is not always available, and therefore the
analysis of alternative sources becomes essential. In this work, we ana-
lyze the ability of MERRA-2 to represent wind speed characteristics at
24 anemometric stations in Mexico. The assessment was carried out
using the Pearson correlation coefficient between the observed time
series, and the obtained by interpolating bias-corrected reanalysis-
estimated wind speed to all locations for different time-averaging pe-
riods. Results showed that the reanalysis’ performance is not uniform
throughout the country; it depends on the time resolution, local oro-
graphic conditions, and the relationship between the local flow and the
large-scale circulation. Based on these results, the country was subdi-
vided into eight regions. The best-represented region was the Chivela
Pass, where the winds are tightly linked to the interaction between the
large-scale circulation and the local orography. The worst performing
regions were located where the land sea-mask and orography at the
reanalysis’ resolution may not be accurate enough to reproduce the
station’s wind speeds. Reanalysis-estimated capacity factors exhibit
large interannual variability in some stations, which can have signifi-
cant consequences for the operation of individual wind farms and the
power grid. The results show that, while caution should be exercised
when applying reanalyses to wind resource assessment in Mexico, re-
analysis wind power estimates can be a valuable tool to investigate
the feasibility and installed capacity requirements for Mexico to meet
its renewable energy targets.
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1 Introduction
The potential impacts of climate change have encouraged actions to mitigate
greenhouse gas emissions from fossil fuel combustion. Renewable sources of
energy play a critical role in this context, in particular, solar photovoltaic
and wind power technologies due to their technical maturity and competi-
tive prices. Globally, wind power is a popular alternative for clean electric
generation. In 2018, 52.4 GW of capacity was installed, taking the global
cumulative capacity to 597 GW. This growth looks set to continue with some
studies forecasting a capacity of 817 GW by 2021 [16].
Mexico, among others countries, is considered a key market for renewable
energy. As of 2017, renewable energy contributed 26% of total electricity
generation in Mexico, including hydro-electric (11%) and geothermal. Wind
power currently contributes 3% of the electric power generation [2]; however,
the capacity is increasing. In 2017, Mexico installed 478 MW of wind power
capacity resulting in a record low price of US$0.017/kWh for one project
[16]. This growth looks set to continue as the Mexican government has
set a series of ambitious renewable energy targets, including increasing the
installed capacity of wind power to 15.1 GW by 2030 [1].
Although some wind rich sites are well identified in Mexico [20], there
is little to no information of the wind resources in the rest of the country.
A number of studies have investigated the wind resource for specific regions
in Mexico [17] [19] [13] [6] [18]. Resource assessments in Mexico are mainly
estimated by using the meteorological weather stations service, where 10-m
winds measured at meteorological surface stations are used to feed the assess-
ment models [32]. There are only 186 locations for which hourly observations
are collected, which means large areas of the vast Mexican territory of nearly
2 million km2 have few observations. Furthermore many of the stations are
relatively new and data is only available for a short period. Given that the
wind exhibits variability at all time scales from sub-minute to seasonal, it is
important to have wind records as frequently as possible and for long periods
of time, preferably several years.
To address the problem of a lack of long-term wind speed data, a number
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of studies have used reanalysis products to estimate wind power characteris-
tics. For example, NASA’s Modern-Era Retrospective Analysis for Research
and Applications (MERRA) [28] has been used to calculate the nationwide
wind energy production in Great Britain [5], Sweden [25], and Ireland [9], as
well as for large regions in the US Great Plains [29] and Southern Canada
[11]. Other studies have estimated wind energy production from NASA’s
MERRA version 2 (MERRA-2) [15] to analyse Saudi Arabia [7], India [14],
Central Romania [3], California [40, 23], the US Northwest, France, Ger-
many, Denmark, Sweden [24], and Europe [8, 38]. MERRA-2 is also used
for offshore wind resource assessment in South Korea [21], the Eastern US
Coast [22] and different countries around the globe [4]. However, none of
the previous mentioned works focuses on Mexico. The country’s location,
between 15◦N and 32◦N and between the Eastern Pacific and the North At-
lantic, leads to its weather and climate being influenced by both tropical
(e.g. tropical cyclones from both ocean basins) and extratropical weather
systems (e.g. fronts associated with the passage of extratropical cyclones at
mid-latitudes). This, together with its complex topography, still represents a
challenge even for state-of-the-art global atmospheric models due to limita-
tions related to model resolution and the parametrisation of sub-grid surface
processes.
There are clear advantages of using reanalyses as data sources such as its
global coverage, the information is accessible for anyone, and it is available
over large periods of time. However there are disadvantages like its spatial-
temporal resolution is still low when compared with other sources of data,
and it is possible that very specific characteristics of one site might not be
well represented by the reanalysis. According to this, the very mountainous
orography of the Mexican territory, as well as its large coastline may affect
the reanalysis’ behaviour. The aim of this study is to investigate how well
the MERRA-2 reanalysis data represents the wind resource across Mexico
and consequently determine its applicability for assessing wind power char-
acteristics.
The rest of the article is organised as follows. The observational and re-
analysis data obtained to perform the analysis as well as the methodology
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followed to construct reanalysis-derived datasets to be compared to obser-
vations are described in Section 2. The results are presented in Section 3,
which includes a comparison between reanalysis and observations, an analy-
sis of reanalysis-derived seasonal variability, and analysis of interannual vari-
ability in capacity factors for hypothetical wind farms at the location of the
observing stations. Finally, the conclusions are given in Section 4.
2 Data and methodology
In this study, wind speed observations from a number of locations across
Mexico will be compared with wind data obtained from the reanalysis data
of the Modern-Era Retrospective Analysis for Research Applications version
2 (MERRA-2) [15]. This section provides an overview of the datasets used.
2.1 Wind speed Observations
Measurement stations at 24 widespread locations in the Mexican territory
were used in this study. The datasets were recorded with a 10-minute time
resolution. Data availability for each station for the period 2004 to 2008 is
shown in figure 1. Each of the stations have different measurement levels
ranging between 10 and 80 m above ground level.
2.2 Wind farm data
Lack of information in Mexico not only affects wind speed measurements,
but also the wind power production per wind farm. The only freely available
reported data about wind farm production in Mexico is published by the
Energy Secretariat, SENER [33, 34, 35, 36]. These reports are published since
2015 as part of the perspectives and plans for the electric sector development.
Reported data has information related to each wind farm’s installed capacity
and annual production, enough to calculate the annual Capacity Factor (CF)
at each location.
For one wind turbine (Vestas V90-2 MW) at a wind farm in Arriaga,
Chiapas data was obtained for the whole of 2016. Collected data includes
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Figure 1: Data availability for the measured data.
measurements of wind speed and power generation with a 10-minute time
resolution. Wind measurements at this location were added to the compari-
son between MERRA-2 and the measurements as another station. The data
was measured at 80 m above displacement height, which is Vestas V90-2
MW hub-height. General locations of wind speed masts and wind farms are
presented in figure 2, names by region are presented in figure 3.
2.2.1 Reanalysis
MERRA-2 is a global reanalysis with an approximate resolution of 0.5◦ ×
0.625◦ and 72 vertical levels from the surface to about 0.01 hPa [15]. Mexico
is located between 14◦N and 33◦N, for which the resolution of the reanalysis
corresponds to a grid spacing of about 50 km. The MERRA-2 data subset
used is delimited between 80◦ and 120◦ West, and from 10◦ to 35◦ North,
which includes the whole Mexican territory. This domain is displayed in fig-
ure 2. The variables included in the study are the northward and eastward
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Figure 2: MERRA-2 used domain with the measurement stations in red.
Wind farms marked in green.
wind at 2, 10 and 50 m above displacement height. The MERRA-2 product
used has a 1-hourly resolution therefore to make both MERRA-2 and mea-
surement datasets comparable, the temporal resolution of the measurement
data had to be decreased from 10 minutes to 1 hour. The data was obtained
for the period from 1980 to 2018, inclusive.
Based on Cannon et al. [5], wind speed at the locations of the mea-
surement station is calculated from MERRA-2 wind data with a bi-linear
interpolation using the nearest four points of the MERRA-2 data grid for
the three nominal MERRA-2 heights above ground level (2, 10 and 50 m).
For each station, the MERRA-2-derived wind speeds are vertically interpo-
lated to the specified height where the measurements were taken assuming a
logarithmic vertical wind profile.
Reanalyses exhibit biases primarily related to the underlying weather
forecast model, the inability to solve detailed topography and other sub-grid
scale phenomena [38]. Although reanalyses represent a very useful tool for the
characterisation of wind in a given region lacking observations, a calibration
7
(a) Northwest region. (b) Center region.
(c) Northeast region. (d) Yucatan region.
(e) La Ventosa, Oaxaca. (f) Chiapas.
Figure 3: Zoom-in for the different regions studied. Marked in red the anemo-
metric stations and the associated names. In green the locations of the wind farms
selected to analyze the reliability of MERRA-2 to estimate power production.
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is necessary to achieve the best possible results. In this work, biases in the
wind speed derived from MERRA-2 were corrected using a quantile mapping
method at each site [27]. The quantile mappings were calibrated using the
available observations for the available observational period and assumed
valid for the rest of the MERRA-2 period (1980–2018).
The methodology followed to determine wind power data from MERRA-
2 wind speeds is similar to the Virtual Wind Farm (VWF) described in
[38, 37]. After bias-correcting the wind speed data, the next step in the
VWF methodology requires the transformation of wind speeds into power
production. According to the reported data of Mexican wind farms, three of
the most common wind turbine models used in the country are the Acciona
AW70-1.5 MW, Gamesa G80-2 MW and Vestas V90-2 MW. Hence, these
models are used as a reference to calculate the wind power output produced
at each one of the measurement locations. Since the V90-2MW is the model
used in the Arriaga wind farm, for which we have measured wind speed and
power output data, we use the data corresponding to this wind turbine to
compute the power output at that site. The power curves of the three wind
turbines are displayed in figure 4. The hub-height used is determined by
the most common tower height in Mexico for each wind turbine: 80 m for
the AW70-1.5 MW, 67 m for the G80-2 MW, and 80 m for the V90-2 MW.
Hourly CF is estimated with the power curves and the reanalysis-derived
wind speed time series.
3 Results
3.1 Wind speed correlation coefficient analysis
In this section, we present a comparison between hourly-averaged observa-
tions and the hourly wind speeds estimated by MERRA-2. The Pearson
correlation coefficient, r, was used to measure the degree of linear correlation
between these two datasets. Scatter plots with smoothed densities [12] of the
bias-corrected hourly wind speeds derived from MERRA-2 against hourly-
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Figure 4: Power curves used in the analysis: Acciona AW70-1.5 MW in blue,
Gamesa G80-2 MW in red and Vestas V90-2 MW in yellow. The black dotted
line shows the reconnection cut-in wind speed.
averaged observations at BCS3, YC01 and OA02 are shown in Figure 5.
BCS3 is the station that exhibits the lowest correlation coefficient (r = 0.38,
Figure 5a). This station is located in the Baja California Peninsula, which
separates the Gulf of California from the Pacific Ocean. The peninsula is
about 40 km at its narrowest point and only a few hundred kilometres at its
widest point. Furthermore, mountain ranges run along the peninsula, with
a highest point about 3 km a.s.l. This complex topography and the air-land
and air-ocean interactions that take place around the peninsula are difficult
to represent accurately in a numerical model with a grid spacing of around
50 km at the latitudes at which Mexico is located. Therefore, it is possibly
not surprising to find that the correlation between the global reanalysis and
punctual observations at this site are not well correlated. Under these con-
ditions the quantile mapping bias correction has a small effect (Figure 5b).
YC01 is located in the Yucatán Peninsula. In contrast with the Baja
California Peninsula, the Yucatán Peninsula is a wide mostly flat region
and therefore even though the winds at YC01 are determined by sea-land
contrasts and their interaction with the atmosphere, just as are those over
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Baja California, the large-scale circulation plays a more important role. The
correlation coefficient between the observations and the reanalysis at this
station is r = 0.70, and while the uncorrected wind speeds derived from
MERRA-2 underestimate the observations, especially for large wind-speed
values, applying bias correction improves this situation (Figure 5b).
OA02 is located in the region known as La Ventosa, which concentrates
about 60% of Mexico’s wind power installed capacity. La Ventosa is located
within the Chivela Pass [39], which is a gap between two mountain ranges,
namely the Sierra Madre Oriental to the west and the Sierra Madre de Chi-
apas to the east. This particular topography induces episodes of very strong
gap-outflow wind over the Gulf of Tehuantepec [39], when the large-scale
forcing is favourable for the development of northerly wind due to the occur-
rence of, for example, Central American cold surges [30, 31] (or Nortes as they
are known in Mexico). The annual wind probability distribution function in
the region is characterised by a bimodal distribution [20]. This feature is
present both in the available observations and in the reanalysis-derived data
(Figure 5c). The correlation coefficient between the observations and the re-
analysis at this station is r = 0.84, one of the highest for hourly data. When
uncorrected, MERRA-2 slightly overestimates the observed data at low wind
speeds, and underestimates it at higher wind speed values. As in the case of
YC01, the effect of bias correction in correcting this mismatch is noticeable
(Figure 5c).
It is clear by looking at this three-station sample (Figure 5) that the
hourly data is better represented by the reanalysis at some sites than at
others. A range of r values between 0.38 and 0.88 was found amongst the
stations, which indicates that the reanalysis’ performance is not uniform
throughout the country (See Hourly column in Table 1). The highest correla-
tion between the reanalysis and observations was found at stations located in
the Chivela Pass, including the stations located in La Ventosa region (OA02
and OA03) and Chiapas (CI01 and CI02). These stations exhibit correla-
tion coefficients above 0.80 at hourly resolution (Table 1). However, in other
regions the correlation coefficient can be very low. In particular, stations
in the Baja California Peninsula (BCS1, BCS2 and BC3) exhibit correla-
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(a) BCS3 (b) YC01 (c) OA02
Figure 5: Scatter plots of 40-m wind speed observations against MERRA-2
for (a) BCS3, (b) YC01 and (b) OA02. The shading indicates the density
of points in the neighbourhood. The red lines represent the linear regres-
sion of MERRA-2 without bias correction (dashed) and with bias correction
(solid). The black line represents the identity line. The Pearson correlation
coefficient, r, is indicated in the top left corner in each panel.
tion coefficients below 0.50 at the same hourly resolution (Table 1), which
is consistent with the discussion above. Other stations that also exhibit low
correlation at hourly resolution are those located in the central region (GR01,
EM01, HG01, PB01 and VZ01) (Table 1). This region is characterised by
the presence of the Trans-Mexican Volcanic Belt, and other high-topography
features, which are difficult to capture accurately in a low resolution global
reanalysis.
The correlation between hourly punctual observations and the low reso-
lution reanalysis is largely limited by the inaccurate representation of local
effects, which ultimately determine the wind characteristics at a given site.
However, we hypothesise that the influence of local effects would decrease
and the effects of the driving large-scale circulation would increase in a sig-
nal averaged over longer time scales. A further analysis has therefore been
completed to determine how the correlation coefficient of the data changes
when the time average is increased from hourly to weekly. Each station’s cor-
relation coefficients as a function of time average are shown in Table 1. As
expected, the correlation coefficient increases as the time average increases.
Thus, while there are only 10 stations with correlation coefficients above 0.7
at hourly resolution, there are 18 stations reaching the same level of accuracy
at daily and even 19 stations at weekly resolution. The increase of correlation
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Region Station Altitude Hourly 3-Hourly 6-Hourly 12-Hourly Daily Weekly
(m.a.s.l.)
BC
BCS1 271 0.40 0.42 0.44 0.51 0.54 0.53
BCS2 142 0.43 0.47 0.51 0.61 0.71 0.77
BCS3 17 0.38 0.40 0.43 0.50 0.56 0.59
NW
CH01 2080 0.66 0.70 0.74 0.77 0.85 0.89
CH02 1499 0.71 0.75 0.78 0.81 0.84 0.84
CH03 1221 0.57 0.62 0.66 0.69 0.76 0.71
CH04 1287 0.69 0.73 0.76 0.81 0.84 0.88
SI01 11 0.63 0.67 0.72 0.77 0.81 0.89
NC
ZC01 2050 0.64 0.68 0.72 0.76 0.79 0.87
ZC02 2714 0.71 0.74 0.77 0.82 0.88 0.92
NE
TM01 25 0.79 0.81 0.83 0.86 0.89 0.90
TM02 43 0.78 0.80 0.82 0.85 0.88 0.90
SW GR01 0 0.54 0.58 0.61 0.64 0.59 0.72
TVB
EM01 2551 0.55 0.60 0.65 0.68 0.78 0.84
HG01 2811 0.44 0.46 0.48 0.53 0.46 0.47
PB01 2332 0.40 0.42 0.44 0.47 0.56 0.67
VZ01 2398 0.54 0.57 0.60 0.62 0.64 0.70
VZ02 17 0.62 0.64 0.67 0.69 0.69 0.60
YC YC01 0 0.70 0.73 0.76 0.87 0.92 0.95
CP
LV01 70 0.69 0.70 0.72 0.74 0.76 0.80
OA01 30 0.79 0.80 0.82 0.84 0.87 0.90
OA02 30 0.85 0.86 0.88 0.90 0.92 0.93
OA03 70 0.82 0.84 0.86 0.89 0.91 0.94
CI01 50 0.82 0.84 0.86 0.88 0.91 0.95
CI02 90 0.88 0.89 0.90 0.92 0.93 0.97
Table 1: Correlation coefficients between the observations at the maximum
height at each measuring station and MERRA-2 after bias correction for
a selection of time averages ranging from hourly to weekly. The regions
acronyms stand for Baja California (BC), North-West (NW), North-Centre
(NC), North-East (NE), South-West (SW), Trans-Mexican Volcanic Belt
(TVB), Yucatán (YC) and Chivela Pass (CP). The cells are colour-coded
as follows: high correlation (green), medium correlation (light blue) and low
correlation (not highlighted).
with time average produces distinctive regional patterns across the country,
which has led us to classify the stations in eight regions: The Baja California
Peninsula, the North-West, the North-Centre, the North-East, the South-
West, the Trans-Mexican Volcanic Belt, Yucatán and the Chivela Pass. The
Trans-Mexican Volcanic Belt includes the two stations in Veracruz (VZ01
and VZ02) due to their proximity to and latitudinal alignment with this oro-
graphic feature even though they do not strictly form part of it. These regions
are shown in Figure 6, in which the stations are colour-coded according to
their correlation coefficients at hourly and weekly resolutions.
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The stations in the Chivela Pass region are clearly the most accurately
represented by MERRA-2. Even though there are two stations (LV01 and
OA01) which have hourly correlations below 0.8, the 6-hourly correlation for
all but one of the stations in this region is above this threshold. Similarly,
the stations in the North-East exhibit high correlation coefficients above 0.7
for all time averages and above 0.8 at 6-hourly resolution. By contrast, the
stations in the Baja California Peninsula, the South-West and the Trans-
Mexican Volcanic Belt generally exhibit low correlations even for long time
averages. Thus, even at a daily resolution the correlation coefficients are be-
low 0.7 for all but two stations in these regions. The stations in the remaining
regions (North-West, North-Centre and Yucatán) exhibit some variability in
the correlation coefficient at a given time average, but in general their 6-
hourly correlations are above 0.7 and their daily correlations are above 0.8.
From these results we conclude that MERRA-2 struggles to represent the
surface flow around topographic features of high spatial variability such as
mountain ranges (e.g. stations in the Trans-Mexican Volcanic Belt), rapid
transition between land and sea (e.g. stations in the Baja California Penin-
sula) or high topography close to ocean (GR01 and VZ01 and VZ02). The
flow near the surface around all these features crucially depends on the local
surface characteristics (e.g. terrain, sub-grid terrain variability, roughness
length), which determine the fluxes and, ultimately, the wind within the
boundary layer. On the other hand, the reanalysis can represent well near-
surface flow in regions where it is determined by the large-scale circulation
and its interaction with the large-scale orography. This is the case of the sta-
tions located within the Chivela Pass in which the occurrence of outbreaks of
cold air masses moving south from the North American Great Plains [30] lead
to a rise in pressure over the Gulf of Mexico. This creates a pressure gradient
along the Chivela Pass and leads to the development of strong northerly gap
winds across the Pass [26, 30, 39]. This is also the case of Yucatán and the
stations in the North-East region, whose wind speed characteristics are dom-
inated by the influence of the trade winds and their deflection to the north
by the high orography of the Sierra Madre Oriental to form the western flank
of the North Atlantic subtropical anticyclone [10, 41].
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(a) Correlation coefficients of the time
series at hourly resolution.
(b) Correlation coefficients of the time
series at weekly resolution.
Figure 6: Locations of the twenty-five stations for (a) hourly and (b) weekly
time averaging. The markers colours represent the value of the correlation
coefficient as follows: r < 0.7 (white), 0.7 ≤ r < 0.8 (light blue) and r ≥ 0.8
(green).
Another aspect in this analysis is that there are stations separated from
each other by a few hundreds of kilometres with no apparent difference in
the general features of the surrounding topography, whose reanalysis repre-
sentations exhibit nevertheless very different accuracy. This is the case, for
example, of CH03, which displays a correlation coefficient below 0.7 even
at a time average of 12 hours in contrast with three correlations above 0.8
of CH02 and CH04, located just about 100 km to the north. As a result,
excluding the North-East and those regions represented by a single station
(i.e. South-West and Yucatán), the rest of the regions are not completely ho-
mogeneous in the way the correlation coefficient changes as the time average
increases. Thus, even though a region might appear very well represented by
the reanalysis caution must be exercised when using the reanalysis instead
of observations for wind resource assessment.
3.2 Capacity factors analysis
The previous section of this paper analysed how well the MERRA2 reanalysis
represents the variability of wind speed at a range of sites in Mexico. The
aim of this section is to determine whether the reanalysis data can be used
to estimate the wind power characteristics at the same sites. Specifically, the
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analysis will focus on the annual capacity factor which is a key parameter in
the economic assessment of wind farms.
The Mexican Wind Power industry annually reports wind farm power
production along with information about the location of wind farms and the
specific technology installed. From this information, the capacity factor of 27
wind farms has been calculated for the period 2014 to 2017. The measured
values have been compared to values derived by applying the appropriate
wind turbine power curve to the MERRA-2 wind speeds. The comparison
has been completed on a regional resolution, whereby all wind farms were
allocated to the observation location within 100 km radius. Any differences
between the MERRA-2 derived capacity factors and the measured values are
therefore due to either (1) errors in the wind speed or (2) the conversion from
wind speed to power.
To determine the errors associated with the wind speeds, at three sites
the capacity factor of the Vestas 2 MW turbine has been estimated by ap-
plying the power curve to the wind speed observations and the reanalysis
wind speeds. Table 2 shows that for all three sites the derived annual capac-
ity factor using the measured wind speeds is very similar to that from the
MERRA-2 data. This indicates the error associated with the representation
of the wind speed is relatively small. However, for CI02 (the one site for
which there is both wind speed observations and a reported capacity factor),
Table 2 shows that observed capacity factor is considerably lower: 0.34 in
comparison to 0.39 for the observed wind speeds and 0.40 for the MERRA-2
wind speeds.
Figure 7 shows the comparison between the MERRA-2 derived annual
capacity factor for that region and the observed capacity factors of all of the
wind farms in that region [33, 34, 35, 36]. The multiple MERRA-2 values
indicate the different years associated with the observed values. For all three
regions, there is a wide dispersion in the observed performance of the wind
farms. However, most of these values are above 20%, which is commonly
associated as a lower limit production for economic feasibility. The variation
of the performance between farms within the same region are associated with
either differences in the technology and operations between sites and/or local
16
Station Year CF measured CF from CF from
stations MERRA-2
CI02@80m 2016 0.34 0.39 0.40
LV01@32m 2005 - 0.61 0.61
OA02@80m 2007 - 0.54 0.53
Table 2: Capacity factors form three anemometric stations at La Ventosa
region. CF’s from stations and MERRA-2 presents similar values; between
these values, the maximum difference is one percent. Real CF is lower; this
may be explained because the method considers continuous operation along
the year.
variations in the wind resource.
It is also clear from Figure 7 that the observed capacity factors are con-
siderably lower than the MERRA-2 derived values. This suggests that the
power curve conversion method is too simplistic and leads to an overestimate
of the generation. To derive a more accurate value of the output of a wind
farm, other factors need to be considered such as the wind farm operations
and turbine downtime and maintenance. There are two factors that might
be leading to this bias. The first would be the implicit assumptions in the
power curve conversion method, namely that the wind is always aligned with
the wind turbine axis and that power only depends on wind speed. The
second is the lack of information about the wind farms’ development (e.g.
new installed capacity) and operation (e.g. maintenance stops). Therefore,
to derive a more accurate values of the output of a wind farm, it is essen-
tial not only to take a more complex approach in the conversion from wind
speed and direction into wind power production but also to promote the
creation of Mexican data, including annual power production and Operation
and Maintenance stops.
Figure 8 shows the variability of the annual capacity factor at each site
derived from the reanalysis across the 39 years. Based on the analysis de-
scribed above, the magnitude of the capacity factors derived using the reanal-
ysis should be considered as an upper bound (i.e. if the turbine was operating
according to the power curve throughout the whole year). While the mag-
nitudes might not be truly reflective of observed output, an understanding
17
Figure 7: Annual CF based on the MERRA-2 bias-corrected data at mea-
surement station with a wind turbine V90-2 MW in red dots, and annual CF
reported by SENER for the wind farms within 100 km of the measurement
station, in blue dots.
of the possible year to year variability could be valuable when considering
the management of a wind farm and power system. For each station the
boxplots represent the average annual CF with a box of the 25th and 75th
percentiles and the line extended to the most extreme values. The analysis
shows large levels of inter-annual variability in the wind generation at each
location. For example, in CH01, the annual capacity factor can vary from
0.18 to 0.30. This can have significant implications for the annual revenue
from the wind farm and should be considered in an economic assessment.
Furthermore, sufficient levels of alternative capacity need to be procured to





































































Figure 8: Capacity factors at each location are presented for the wind turbine
V90-2 MW. Similar behavior was observed for all wind turbines; however,
it is only showed the best-performed among the three technologies assessed.
The black dotted line marks the CF 0.2 threshold.
4 Conclusions
In this work we have assessed the ability of the global reanalysis MERRA-2 to
represent near-surface wind speeds over Mexico taking as reference 24 mea-
suring stations distributed throughout the country. The assessment was car-
ried out using the Pearson correlation coefficient between the observed time
series and those obtained by interpolating horizontally and vertically from the
reanalysis grid to the location of the observing towers. The reanalysis-derived
winds were then used as an input to calculate the interannual variability in
the performance of hypothetical wind turbines located at the observing tower
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positions.
The results of the analysis indicate that the performance of MERRA-
2 at representing wind speed over Mexico is not uniform throughout the
country. Based on geographical location and the performance of MERRA-2,
the stations were grouped into eight regions. The best-represented region
was the Chivela Pass, which included stations in Oaxaca and Chiapas near
the Gulf of Tehuantepec where the wind is intense throughout the year. It
is noticed that regions where the largest discrepancies were found were those
in which the land-sea mask (Baja California) or the orography (South-West
and the Trans-Mexican Volcanic Belt) might not be sufficiently accurate due
to the reanalysis resolution.
Both observations and MERRA-2-estimated wind speed were time-average
over periods ranging from one hour to one week. The performance generally
improves as the time-averaging period increases, so that the annual cycle
is well represented by the reanalysis in almost all stations, although there
are some stations that show no or little improvement as the time-averaging
period increases.
After characterising the reanalysis’ skill to represent wind speed variabil-
ity, we assessed capacity factor variability for those regions in which wind
speed variability is found to be well-represented. The availability of one year’s
worth of measurements of wind speed and capacity factor for a wind farm
in Chiapas enabled the assessment of the error involved in using MERRA-2-
estimated wind speed. This error was found to be small (about 3%). How-
ever, it was also found that the capacity factor computed with MERRA-2
wind speed produce an overestimation (of about 18% for the measured year
at the wind farm in Chiapas) in the magnitude of the actual power output
reported by wind farms, and an underestimation of variability. This may be
attributable to the relative simplicity of the power curve of the turbine that
was used in the analysis, as this does not represent operational details, such
as maintenance downtime, of the actual turbines V90-2 MW installed in Chi-
apas. However, more work and data would be needed to address this point
in a more comprehensive manner. To acknowledge this caveat the MERRA-
2-estimated capacity factors were interpreted as upper bounds for the actual
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capacity factors.
Annual capacity factors for hypothetical wind farms at the locations of the
observing towers were computed for the 39 years in the MERRA-2 dataset.
The results show large annual capacity factor interannual variability at sev-
eral sites. For some, annual capacity factor would fluctuate in such a way
that some years would lie below the lower limit production for economic
feasibility. This highlights the importance of considering interannual vari-
ability in the assessment of wind resource and the need for accurate seasonal
forecasting systems to plan ahead of a low wind yield season.
These results show that while reanalyses can be a valuable tool for the as-
sessment of interannual variability and other long-term aspects of wind power
production, it is necessary to be cautious. We have shown that a reanaly-
sis performance largely depends on the target region, and post-processing
via e.g. bias correction towards an observational dataset is usually desir-
able. However, while bias correction can be applied to improve the match
between reanalysis estimations and observations, the bias correction is only
strictly valid for the observation location. Furthermore, in some locations
bias correction is not sufficient to bring the reanalysis to an acceptable ac-
curacy level. Once these caveats have been considered, wind power output
estimations based on atmospheric reanalyses can become a valuable tool to
understand the feasibility and installed capacity requirements for Mexico to
meet its renewable energy targets.
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